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We use our lattice QCD computation of the Bc → J/ψ form factors to determine the differential
decay rate for the semitauonic decay channel and construct the ratio of branching fractions R(J/ψ) =
B(B−c → J/ψτ−ντ )/B(B−c → J/ψµ−νµ). We find R(J/ψ) = 0.2601(36) and give an error budget.
We also extend the relevant angular observables, which were recently suggested for the study of
lepton flavor universality violating effects in B → D∗`ν, to Bc → J/ψ`ν and make predictions for
their values under different new physics scenarios.
PACS numbers: 12.38.Gc, 13.20.Gd, 13.40.Hq, 14.40.Pq
INTRODUCTION
B-meson exclusive semileptonic decay processes are
powerful tests of the Standard model (SM) in cases where
both experimental and theoerical uncertainties can be
brought under control. They allow the determination of
elements of the Cabibbo-Kobayashi-Maskawa matrix and
tests of its unitarity but are also more detailed probes for
new physics scenarios. An exciting possibility is that of
non-universality of the couplings of charged leptons in
electroweak interactions, hinted at in measurements of
the ratio, R, of the branching fraction to τ in the final
state to that of µ/e for B → D(∗) [1–10]. The combi-
nation of experimental results for R(D) and R(D∗) is in
tension with the SM at 3.1σ [11, 12]. This includes a
recent result from Belle [10] using semileptonic tagging
which by itself agrees with the SM within 1.6σ. Most
of the pull comes from R(D∗) for which the SM results
being used [13–15] rely on arguments from sum rules
and heavy quark effective theory because lattice QCD
results, which provide the best ab initio determination
of the form factors, are as yet only available for the A1
form factor at zero recoil [16, 17]. Extending the lattice
QCD calculation to cover more of the q2 range is under-
way [18, 19].
This motivates a study of R for other b → c semilep-
tonic decay modes and LHCb recently gave first results
for R(J/ψ) from Bc → J/ψ decay [20]. They found
R(J/ψ) = 0.71± 0.17stat ± 0.18sys and compared to SM
results from a variety of model calculations. Since it is
difficult to quantify uncertainties from individual models,
the spread of results between models must be taken as a
measure of this. LHCb quote a range of SM values from
0.25 and 0.28 from [21–24], giving a 10% spread. Since
this is the same level as the discrepancy seen in R(D∗)
currently, it is unlikely that this accuracy would be good
enough to distinguish experiment (given improved un-
certainties there) and the SM. In addition the dominant
systematic error for the experiment comes from the un-
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FIG. 1. Conventions for the angular variables entering the
differential decay rate.
certainty in input form factors for Bc → J/ψ from these
models.
In [25] we have given results for the Bc → J/ψ form
factors from lattice QCD for the first time. We work
on gluon field configurations that include u, d, s and c
quarks in the sea and use a discretisation of the Dirac
equation which was developed by the HPQCD collabora-
tion to have particularly small discretisation errors [26].
This makes it suitable for handling heavy b and c quarks
where discretisation errors are relatively large. It also
enables us to use a relativistic formalism in which the
quark currents that couple to the W boson can be nor-
malised in a fully nonperturbative way. We use HPQCD’s
‘heavy-HISQ’ technique which has been successful in de-
termining the decay constants of heavy-light mesons [27–
30] and is now being applied to B semileptonic form fac-
tors [31, 32] where it enables the full q2 range of the
decay to be covered. Further details can be found in [25]
where we give the form factors and derive the total rate
and branching fraction for the decay with µνµ in the fi-
nal state. Here we focus on the τντ mode and determine
R(J/ψ) in the SM with quantified uncertainties. We also
give values for asymmetries which show sensitivity to new
physics.
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2TABLE I. The helicity amplitude combinations and coeffi-
cients for them that appear in the differential rate, Eq. (1).
i Hi ki(θW , θJ/ψ, χ)
1 |H+(q2)|2 12 (1− cos(θW ))2(1 + cos2(θJ/ψ))
2 |H−(q2)|2 12 (1 + cos(θW ))2(1 + cos2(θJ/ψ))
3 |H0|2 2 sin2(θW ) sin2(θJ/ψ)
4 Re(H+H
∗
0 ) sin(θW ) sin(2θJ/ψ) cos(χ)(1− cos(θW ))
5 Re(H−H∗0 ) − sin(θW ) sin(2θJ/ψ) cos(χ)(1 + cos(θW ))
6 Re(H+H
∗
−) sin
2(θW ) sin
2(θJ/ψ) cos(2χ)
7
m2`
q2
|H+(q2)|2 12 (1− cos2(θW ))(1 + cos2(θJ/ψ))
8
m2`
q2
|H−(q2)|2 12 (1− cos2(θW ))(1 + cos2(θJ/ψ))
9
m2`
q2
|H0|2 2 cos2(θW ) sin2(θJ/ψ)
10
m2`
q2
|Ht(q2)|2 2 sin2(θJ/ψ)
11
m2`
q2
Re(H+H
∗
0 ) sin(θW ) sin(2θJ/ψ) cos(χ) cos(θW )
12
m2`
q2
Re(H−H∗0 ) sin(θW ) sin(2θJ/ψ) cos(χ) cos(θW )
13
m2`
q2
Re(H+H
∗
−) − sin2(θW ) sin2(θJ/ψ) cos(2χ)
14
m2`
q2
Re(HtH
∗
0 ) −4 sin2(θJ/ψ) cos(θW )
15
m2`
q2
Re(H+H
∗
t ) − sin(θW ) sin(2θJ/ψ) cos(χ)
16
m2`
q2
Re(H−H∗t ) − sin(θW ) sin(2θJ/ψ) cos(χ)
THEORETICAL BACKGROUND
We give below the full differential rate [33] for B−c →
J/ψ`−ν, where ` is a lepton with mass m`, with respect
to squared 4-momentum transfer, q2, and angles defined
in Figure 1. We assume that the J/ψ is identified through
its (purely electromagnetic) decay to µ+µ−, defining the
angle θJ/ψ, and we sum over the µ
+µ− helicities.
d4Γ(B−c → J/ψ(→ µ+µ−)`−ν)
d cos(θJ/ψ)d cos(θW )dχdq2
=
B(J/ψ → µ+µ−)N
∑
i
ki(θW , θJ/ψ, χ)Hi(q2) (1)
where
N = G
2
F
(4pi)4
|ηEW |2|Vcb|2 3(q
2 −m2`)2|~p′|
8M2Bcq
2
(2)
Here |~p′| is the magnitude of the J/ψ spatial mo-
mentum in the Bc rest frame and ηEW is the same
structure-independent electroweak correction as in [25],
1.0062(16) [34]. The ki and Hi are given in Table I. We
include in the expressions terms with factors of m2`/q
2
that were dropped in [25]. These are significant for the
case when ` = τ and include the helicity amplitude Ht
which does not otherwise appear. Integrating over an-
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FIG. 2. Helicity amplitudes (Eq. (4)) plotted as a function
of q2.
gles, the differential rate in q2 is then given by
dΓ
dq2
= N × 64pi
9
[ (
H−2 +H02 +H+2
)
+
m2`
2q2
(
H−2 +H02 +H+2 + 3Ht2
)]
, (3)
The helicity amplitudes are defined in terms of stan-
dard Lorentz-invariant form factors [35] as
H±(q2) =(MBc +MJ/ψ)A1(q
2)∓ 2MBc |
~p′|
MBc +MJ/ψ
V (q2),
H0(q
2) =
1
2MJ/ψ
√
q2
(
− 4 M
2
Bc
|~p′|2
MBc +MJ/ψ
A2(q
2)
+ (MBc +MJ/ψ)(M
2
Bc −M2J/ψ − q2)A1(q2)
)
,
Ht(q
2) =
2MBc |~p′|√
q2
A0(q
2). (4)
Γ AND R(J/ψ)
The form factors were computed across the full phys-
ical q2 range in [25] using Lattice QCD. They are given
in terms of a polynomial in z, with coefficients aFn , and a
pole term corresponding to Bc states with the quantum
numbers of each current:
F (q2) =
1
P (q2)
3∑
n=0
aFn z(t+, t−, q
2)n (5)
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FIG. 3. dΓ/dq2 in the SM for the ` = µ and ` = τ cases,
normalised to the total rate for ` = µ, Γµ.
for F = A0, A1, A2, V and where
z(t+, t0, q
2) =
√
t+ − q2 −√t+ − t0√
t+ − q2 +√t+ − t0
. (6)
t− is the maximum value of q2, t− = (MBc −MJ/ψ)2, t+
is the pair production threshold, t+ = (MB + MD∗)
2
and P (q2) =
∏
Mpole
z(t+,Mpole, q
2). The meson and
subthreshold resonance masses, Mpole, that need to be
used in reconstructing the form factors are given in [25].
We assemble the helicity amplitudes using Eq. (4); these
are plotted as a function of q2 in Figure 2 (Figure 10
of [25]). Differential and total decay rates are then cal-
culated. Where an integration over q2 is necessary we use
a simple trapezoidal interpolation in order to ensure co-
variances are carried through correctly, taking sufficiently
many points that the results are insensitive to the addi-
tion of any further points.
The differential rate dΓ/dq2 is plotted in Figure 3, com-
paring SM rates for l = µ and l = τ . We also compute
the total decay rates, and from these R(J/ψ) = B(B−c →
J/ψτ−ντ )/B(B−c → J/ψµ−νµ). We find
Γ(B−c → J/ψµ−νµ)/|ηEWVcb|2 = 1.74(12)× 1013 s−1
= 11.45(79)× 10−12 GeV
Γ(B−c → J/ψτ−ντ )/|ηEWVcb|2 = 4.54(29)× 1012 s−1
= 2.99(19)× 10−12 GeV, (7)
and their ratio
R(J/ψ) = 0.2601(36). (8)
The error budget for these results is given in Table II. The
largest contributions for both Γ(` = τ) and Γ(` = µ) are
TABLE II. Error budget for Γ for the cases ` = τ and ` = µ
and their ratio, R(J/ψ). Errors are given as a percentage of
the final answer. See [25] for more details.
Γ/|ηEWVcb|2
Source ` = µ ` = τ R(J/ψ)
mh dependence 2.4 2.2 0.6
continuum limit 3.9 3.6 0.8
sea-quark mass effects 3.5 3.3 0.3
lattice spacing determination 1.2 1.2 0.1
Statistics 3.5 3.1 1.0
Other 1.4 1.3 0.0
Total(%) 6.9 6.4 1.4
the discretisation effects from the heavy quark mass, the
statistical uncertainty in the lattice data and the quark
mass mistunings effects. These errors and their potential
improvement are discussed in [25]. There is significant
cancellation of these correlated errors in R, resulting in a
factor of ≈ 5 reduction in uncertainty compared to Γ, and
leaving the dominant error that from lattice statistics.
The value for R(J/ψ) is very close to that expected in
the SM for R(D∗) [12]. R(J/ψ) is given here as the ratio
of the rates to τ and µ; we showed in [25] that the decay
rates to µ and e differ by 0.4%.
RNP (J/ψ), ANGULAR OBSERVABLES AND
TESTS OF LEPTON FLAVOR UNIVERSALITY
The effects of new physics (NP) may be considered
through the inclusion of complex-valued NP couplings,
gi, i ∈ S, P, V,A, T, T5, in the effective Hamiltonian de-
scribing b→ c`ν decays [36]. Ref. [37] takes new physics
to appear in the ` = τ channel only and fits the gi indi-
vidually against the experimental average values of R(D)
and R(D∗). Angular observables sensitive to the differ-
ent NP scenarios are then constructed. Here we use the
values of g for left-handed and right-handed vector cou-
plings given in [37], which we reproduce here in Eq. (9),
and examine their impact on R(J/ψ) and the angular
observables for Bc → J/ψ.
In Figure 4 (left-hand plot) we see that the semitauonic
differential rate increases very markedly for the best fit
value of gVL or gVR inferred from R(D
(∗)) [37]. This
results in a corresponding 10σ increase of R(J/ψ), to
give the values below.
gVR = −0.01− i 0.39; RgVR (J/ψ) = 0.3045(42), (9)
gVL = 0.07− i 0.16; RgVL (J/ψ) = 0.3045(42),
These increased values of R(J/ψ) are then in agreement
with the current experimental average value of R(D∗)
that gVL and gVR were designed to reproduce.
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FIG. 4. dΓ/dq2, AFB and Aλτ for B−c → J/ψτ−ντ in the SM and for the values of gVR and gVL given in Eq. (9) from [37].
dΓ/dq2 is normalised to the total rate in the ` = µ case, Γµ, and the gVL and gVR curves overlap. For AF,B the SM and gVL
curves overlap and for Aλτ all three curves overlap.
We also compute the angular observables defined in
[37] which are relevant for B−c → J/ψ`−ν¯`. These are
the forward-backward asymmetry AFB for the lepton `
(note that the forward direction is that of the J/ψ in
Figure 1), the lepton polarisation asymmetry Aλ` and
the longitudinal polarisation fraction for the J/ψ, F
J/ψ
L .
Writing
d2Γ
dq2d cos(θW )
=aθW (q
2) + bθW (q
2) cos(θW )
+ cθW (q
2) cos2(θW ) (10)
the observables are defined as
AFB(q2) =− bθW (q
2)
dΓ/dq2
,
Aλ`(q2) =
dΓλ`=−1/2/dq2 − dΓλ`=+1/2/dq2
dΓ/dq2
,
F
J/ψ
L (q
2) =
dΓλJ/ψ=0/dq2
dΓ/dq2
. (11)
AFB and Aλτ are plotted as a function of q
2 in Figure 4,
showing both the behaviour in the SM and the impact
of the possible NP couplings gVR and gVL . Note the very
different shape of the SM curves for AFB and Aλτ in the
SM compared to those for ` = e or µ given in [25]. The
helicity -1 virtual W will throw a helicity -1/2 lepton
predominantly in the W direction (i.e. backwards) but
the mass of the τ changes the lepton helicity mixture.
gVR accentuates this effect by boosting the contribution
of |H+|2 but without changing the τ helicity mixture.
For an observable O`i (q
2) = N `i (q
2)/D`i (q
2), the inte-
grated quantities are defined as
〈O`i 〉 =
∫ q2max
m2`
N `i (q
2)dq2
/∫ q2max
m2`
D`i (q
2)dq2. (12)
TABLE III. Integrated angular observables for B−c →
J/ψτ−ντ in the SM and for possible NP left-handed and
right-handed vector couplings from Eq. (9).
SM gVR gVL
〈AFB〉 -0.064(12) -0.0153(92) -0.064(12)
〈Aλτ 〉 0.5296(59) 0.5295(59) 0.5296(59)
〈F J/ψL 〉 0.4337(82) 0.4343(82) 0.4337(82)
TABLE IV. LFUV variables for Bc → J/ψ defined in
Eqs (11), (12) and (13) [37]. The second column gives results
in the SM and then the further two columns give results for
NP couplings, in the τ channel only, of gVR and gVL (Eq. (9)).
SM gVR gVL
R(AFB) 0.281(35) 0.067(36) 0.281(35)
R(Aλ`) 0.5325(58) 0.5324(58) 0.5325(58)
R(F
J/ψ
L ) 0.891(10) 0.892(10) 0.891(10)
We give results for 〈Aλτ 〉, 〈AFB〉 and 〈F J/ψL 〉 in Table III
for B−c → J/ψτ−ντ in the SM and for the NP couplings
gVR and gVL from Eq. (9). Our SM results agree within
2σ with those from a covariant light-front quark model
that included information from our preliminary lattice
QCD results [38].
We also construct the lepton flavor universality violat-
ing (LFUV) ratios
R(Oi) =
〈Oτi 〉
1
2 (〈Oµi 〉+ 〈Oei 〉)
. (13)
These are given in Table IV where we see that R(AFB)
can distinguish between a NP right-handed vector cou-
pling, and a left-handed one. None of the other LFUV
ratios change significantly from their SM values under
the addition of either gVR or gVL . This is consistent with
5what was seen for B → D∗`ν¯` in [37].
CONCLUSION
We give the first computation in lattice QCD of the
branching fraction ratio R(J/ψ) that tests for lepton
flavour universality in Bc → J/ψ semileptonic decay.
Our value in the SM is R(J/ψ) = 0.2601(36), with er-
ror budget in Table II. The Bc → J/ψ form factors that
we have calculated [25] to do this should enable the dom-
inant systematic error in the experimental determination
of R(J/ψ) to be reduced, allowing progress towards an
accurate test of the SM.
We illustrate how NP might show up in Bc → J/ψ de-
cay with predictions for a variety of angular observables
and τ to e/µ ratios both in the SM and with additional
NP couplings consistent with the current average of ex-
perimental measurements of B → D(∗) decay.
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